Abstract -Understanding the fundaments of colony losses and improving the status of colony health will require cross-cutting research initiatives including honeybee pathology, chemistry, genetics and apicultural extension. The 7th framework of the European Union requested research to empirically and experimentally fill knowledge gaps on honeybee pests and diseases, including 'Colony Collapse Disorder' and the impact of parasites, pathogens and pesticides on honeybee mortality. The interactions among these drivers of colony loss will be studied in different European regions, using experimental model systems including selected parasites (e.g. Nosema and Varroa mites), viruses (Deformed Wing Virus, Black Queen Cell Virus, Israeli Acute Paralysis Virus) and model pesticides (thiacloprid, τ-fluvalinate). Transcriptome analyses will be used to explore host-pathogen-pesticide interactions and identify novel genes for disease resistance. Special attention will be given to sublethal and chronic exposure to pesticides and will screen how apicultural practices affect colony health. Novel diagnostic screening methods and sustainable concepts for disease prevention will be developed resulting in new treatments and selection tools for resistant stock. Research initiatives will be linked to various national and international ongoing European, North-and South-American colony health monitoring and research programs, to ensure a global transfer of results to apicultural practice in the world community of beekeepers.
INTRODUCTION

The value of honeybees and the costs of colony losses
The management of honeybees, Apis mellifera, is deeply rooted in human society, and apiculture provides full or additional family income. There is a considerable market for bee products that are used as food and as additives for pharmaceutical and medical Corresponding author: R. Moritz, robin.moritz@zoologie.uni-halle.de * Manuscript editor: Marla Spivak products. More importantly from a strictly economic perspective, honeybees are key pollinators native to Europe and are crucial for many agricultural crops and the conservation of natural plant biodiversity. Indeed, honeybees are the most economically valued pollinators and it is estimated that ∼35% of human food consumption depends directly or indirectly on insect mediated pollination (Delaplane and Mayer, 2000) , a vital ecosystem service contributing to human health and well-being. Although the direct value of the honey produced by the bee industry in the EU is about e140 Mio, the total added value to crops due to pollination services has recently been estimated at e14.2 billion in 2005 for the then 15 members of the EU. Worldwide, the total economic value of pollination by honeybee colonies amounted to e153 billion in 2005 (Gallai et al., 2008) , while the value of bee pollination to biodiversity is simply inestimable; it is life itself. In light of the constant decline of wild non-honeybee pollinators, the importance of beekeepers and managed bees is greater today than ever.
Unfortunately, beekeeping is a declining industry and the past decades have seen a increase in colony losses in managed honeybee colonies (Potts et al., 2010) and an overall decrease of beekeeping activities in Europe (van Engelsdorp and Meixner, 2009 ). In addition and independent of the managed bee populations, wild or feral honey bee colonies are also in decline (Kraus and Page, 1995; Jaffé et al., 2009 ) most likely due to intensification of land-use, pesticide poisoning, diseases and many parasites (in particular the ubiquitous ectoparasitic mite Varroa destructor) .
The marked colony losses in Europe at the continental scale are unlikely to have been driven by pests, pathogens and pesticides. For example, the losses due to the appearance of Varroa destructor in the 1970s and 80s were largely compensated by beekeepers replacing their lost colonies with new ones, resulting in a constant rise in the number of managed honeybee colonies (Fig. 1) . The most dramatic decline in managed colonies in Europe occurred in the 1990's coinciding with the sociocultural changes in eastern Europe whereas colony numbers remained stable in western Europe. With the lack of state support in the former socialistic countries many beekeepers in eastern Europe abandoned their operations causing a reduction in colony numbers by about 50%. One of the principal reasons for the decline in managed honeybee colonies, and of beekeepers, is extensive and unpredictable colony death. While this can be discouraging enough for small-scale hobbyist beekeepers to drive them to abandon the hobby, for (semi)-professional operators this is a crucial limitation to business planning and expansion. This has become most obvious in Eastern Europe where the lack of state support forced beekeepers to not replace dead colonies, and instead abandon their apiaries altogether. Moderate and predictable losses can be accommodated and planned for. However, extensive and uncontrollable losses make beekeeping as a profession, with heavy investment in material and equipment, an enterprise at permanent risk of bankruptcy . This financial uncertainty also limits recruitment of a new generation of beekeepers, especially to the professional ranks.
Periodic, extensive honeybee colony losses are not just a recent phenomenon. For example, Ireland suffered "The great mortality of bees" in 950, and nationwide bee losses occurred again in 992 and 1443 (Flemming, 1871) . Similar repeated honeybee mortalities have been recorded in other countries throughout history. From the late 19th century onwards there are references to such extensive colony losses , including the famous "Isle of Wight disease" of the early 1900's in England (Rennie et al., 1921; Bailey and Ball, 1991) , the disappearing disease in the 1960-1970's in the USA (Wilson and Menapace, 1979) , Varroa destructor and the "Bee Parasitic Mite Syndrome" of the 1980 's-1990 's (de Jong et al., 1982 Ball and Allen, 1988; Hung et al., 1995) and the mysterious bee losses in France in the late 1990's (Faucon et al., 2002) . The most recent addition to this list is the Colony Collapse Disorder (CCD) in the USA that began in 2006 . In Europe similar phenomena have not been observed in the past decades and large number colony deaths are mostly locally confined (e.g. Genersch et al., 2010) . For example the "Rhine valley bee poisoning" case of 2008 (Benjamin and McCallum, 2008) caused large scale colony collapses. The causes of regionally confined colony deaths usually become rapidly clear (e.g. for the Rhine valley poisoning and similar cases in France and Italy that were due to misuse of neonicotinoid pesticides) and appropriate actions can be taken to prevent future accidents. In contrast, the causes of most large scale colony losses at a national or even broader scale are still ambiguous or inconclusive (see Underwood and van Engelsdorp, 2007; Cox-Foster et al., 2007; Johnson et al., 2009; van Engelsdorp and Meixner, 2010) and have not yet been reported to reach a continental scale. Nevertheless, this uncertainty prevents the development of rational approaches to managing colony losses and encourages ad-hoc remedies and blanket prophylactic application of chemical treatments against pathogens or parasites, whether present or not. Such practices are also encouraged by the inadequate diagnostic tools and procedures for disease treatment. Typically, the apiculturist identifies symptoms at the colony level, and then initiates diagnostic procedures to identify the disease and initiate a treatment. Yet, when clinical symptoms appear at the colony level, diagnosis often comes too late to save or cure the colony. Consequently, there is a clear need for fast, reliable, sensitive and cheap diagnostic tools that alert the beekeeper to potential problems before colony level symptoms appear.
Treatments typically rely on chemicals, which are administered into the colony to target pathogens before colony death is inescapable. The development of such treatments is based on searching for chemicals that are toxic to the pathogen, but harmless to the honeybee. However, so far, any chemical treatment of a honeybee disease, even if successful at the colony level in the short term, has not eradicated the pathogen at the population level, particularly if the pathogen has a high transmission rate and a high infectivity. As illustrated by present apicultural reality, any chemotherapy of honeybee colonies immediately leads to unavoidable contamination of honey (Stanimirovic et al., 2005) and, ultimately more worrisome, to resistant pathogens. Moreover, the dramatic colony losses of the past decade suggest that treatments aiming at a single pathogen may in principle fall short in curing colonies altogether if the interactions between various pathogens are the main drivers of colony death.
The parasite-virus-pesticide meltdown
The most thorough search for a pathogenic cause of extensive, unexplained colony losses is the case of Colony Collapse Disorder (CCD; Cox-Foster et al., 2007; Johnson et al., 2009 ). However, despite the enormous research efforts invested, no single agent or factor has emerged as the definitive cause of the phenomenon (Stokstad, 2007; Anderson and East, 2008) . Instead, the best hypothesis to emerge from the data is that particular virulent combinations of parasites and pathogens rather than a classical monocausal disease, is the most likely explanation (Chen and Evans, 2007; Johnson et al., 2009) . Moreover, chronic exposures to pesticides that cause no problems for healthy colonies are suspected to interact with pathogens to produce lethal consequences for colonies already weakened by disease (Thompson, 2003) . Both the European Commission (2007) and the European Parliament (2008) became aware of the problem for beekeeping and formulated research policies to address the issue. The aim was to prevent honeybee colony losses in Europe caused by the CCD syndrome and to better understand host/parasite/pesticide interactions as a potential driver of colony collapses. Hence in contrast to US research initiatives which aim at understanding past colony losses, European attempts have a clear preventive perspective aiming to understand potential principles of colony death. The classic example of such interactions among pathogens is the case of the ectoparasite Varroa destructor, whose lethal effect on colonies is in large part due to its ability to activate and transmit a number of viral diseases (Ball and Allen, 1988; Bailey and Ball, 1991; Bowen-Walker et al., 1999; Sumpter and Martin, 2004; Chen et al., 2005 Chen et al., , 2006 Tentcheva et al., 2006; Todd et al., 2007) . Recent evidence suggests that this may also be the case for other honeybee ectoparasites (Dainat et al., 2008; ). The combination of pests, parasites and pesticides results in an inadvertent "meltdown" with one negative factor enhancing the negative impacts on honeybee health of the others.
Appreciation of the fact that colonies suffer multiple infections and understanding the resultant interactions among pathogens, pesticides and management, will be central elements if we want to comprehend colony losses and develop sustainable strategies for promoting colony health. It will be essential to examine the nature of such relationships to identify the traits in the host and the parasite that enable increased tolerance and/or reduced virulence, respectively. This makes identifying the genes for host resistance or the management practices that reduce parasite virulence a realistic option. These ambitions will be greatly facilitated by the recent progress in the molecular characterization of bee viruses and other pathogens, to quantify their transmission efficacy and replication in relation to mite infestation levels and developmental stage of the bee. The discovery that parasites are not just virus vectors, but may also function as an alternative replicative host for certain viruses (Yue and Genersch, 2005; Gisder et al., 2009; Dainat et al., 2009; Eyer et al., 2009 ), significantly enhances the epidemiological potential and lethality of the virus infection for the honeybee, especially at colony level. The examination of the parameters determining the virulence of viruses (see de Miranda and Genersch, 2010) , the tolerance of individual bees and colonies to virus infection, and the quantification of the interactions between parasite, virus, and pesticide at the various developmental stages of the honeybee will therefore need to be in the centre of interest.
RESEARCH CONCEPTS
Strategy for studying interactions affecting colony health
Honeybee pathology has identified a suite of detrimental factors that impact colony health, including parasites, pathogens and pesticides. A major problem is the combination of factors. A single infection may cause no harm to a colony, however, if exposed to a pesticide at the same time the colony might die. Interactions among sublethal factors affecting colony health therefore stand in the centre of European research in the years to come. Unfortunately, the large number of pests, pathogens and pesticides affecting honeybee health (Bailey and Ball, 1991; Thompson, 2003; Ellis and Munn, 2005) makes it impossible to experiment with all possible combinations of these in a rigorous, controlled manner. The "BEE DOC" (Bees in EuropE and the Decline Of Honeybee Colonies, http:// www.bee-doc.eu/) research network in the seventh EU Commission's Framework Programme (FP7) will therefore adopt a dualtrack approach to identifying significant interactions. First, an experimental approach will focus on major, pan-European parasites, pesticides and pathogens with known or suspected interactions among them, either detrimental or beneficial, including those factors thought to be associated with CCD in the United States. Second, a dynamic surveillance approach will be aimed at identifying significant associations among as many factors as possible, using both existing national monitoring surveys and comprehensive additional assays of the samples produced by the experimental approach. This strategy combines a detailed investigation of known interactions with the greatest current significance for colony health throughout Europe, with a comprehensive screen for possible interactions of future significance.
Experimental test systems
Following the strategy outlined above, we will focus research on selected test systems Research strategies to improve honeybee health in Europe 231 that can be used for detailed experimentation. These include:
Two major parasite-pathogen interactions
• Varroa destructor mites and deformed wing virus • Nosema spp. Microsporidia, black queen cell virus and Israeli acute paralysis virus Two widespread pesticides
• the neonicotinoid agro-pesticide thiacloprid • the pyrethroid beekeeping acaricide τ-fluvalinate Two categories of interactions between beneficial organism with pathogens
• Probiotic honeybee gut microflora and bacterial pathogens • Propolis and plant secondary metabolites and parasites & pathogens.
These must be studied at both individual bee and colony levels, since pathogen virulence at the individual level is often inversely related to virulence at colony level (Sumpter and Martin, 2004; Genersch et al., 2005) , and also will include higher order interactions between the three categories; for example, between pesticides and parasite-pathogens, or between beneficial interactions and pesticides.
Parasites
Varroa destructor
The parasitic mite V. destructor is without doubt the main obstacle to profitable beekeeping worldwide (Sammataro et al., 2000) . This highly specialized parasite of the honeybee feeds on both the brood and the adult bee, and reproduces in the brood cell. Although the mite causes little damage to its original host, the Asian honeybee Apis cerana, it is lethal for European A. mellifera colonies to which it transferred more than 30 years ago (Matheson, 1995) . Therefore, adequate and timely mite control is essential for apiculture in Europe and most other regions of the world. Varroa mite control is overwhelmingly based on chemicals that typically end up as residues in honey and other bee products (Bogdanov, 2006) . Even so, several tiny populations of European honeybees survive sustainably with Varroa mites without chemical control (Nordström et al., 1999; Fries et al., 2006a; Fries and Bommarco, 2007; Le Conte et al., 2007; Büchler et al., 2010; Le Conte et al., 2010) . There are also several European honeybee populations that have never been infested by mites, such as on the Island of Ouessant in France, large parts of northern Sweden and the Finnish island Åland in the Baltic Sea. Such populations are essential for understanding the genetic mechanisms driving mite infestation tolerance (for the Varroa-tolerant feral colonies) and the epidemiological and evolutionary mechanisms underlying the lethal interactions between Varroa and viral pathogens (for the Varroa-free populations). There are similar populations elsewhere (Australian Varroa-free populations; African and South American Varroa-tolerant populations) for comparison with European populations.
Nosema spp.
Nosema fungi are wide-spread microsporidian gut parasites of adult honeybees. They infect host mid-gut epithelial cells and deteriorate the metabolic processes of infected bees (Fries, 1988 (Fries, , 1993 . Currently, two different Nosema species have been reported in A. mellifera: N. apis, a well established pathogen of A. mellifera with moderate virulence that does not usually cause lethal infections, and N. ceranae, thought to be originally a parasite of the Asian honeybee A. cerana, which has recently been introduced into European honeybee populations (Fries et al., 1996 (Fries et al., , 2006b Paxton et al., 2007; Chen et al., 2008) and distributed by apicultural trade across the globe . It is now present in all continents except Antarctica Higes et al., 2009 ) and honeybees can be co-infected with both Nosema species. N. ceranae infestations appear to be more severe in southern than in northern parts of Europe (Fries, 2010) . Moreover, N. ceranae seems to replace N. apis worldwide although it does not appear to have a competitive advantage within an individual host bee (Forsgren and Fries, 2010) .
In Spain, N. ceranae has been reported to be linked to the sudden collapse of A. mellifera colonies (Higes et al., 2008) and increased risk of colony death if not actively controlled (Martín-Hernández et al., 2007) . This high colony level virulence of N. ceranae in Spain may be a regional phenomenon, as high colony mortality is not always observed (Siede et al., 2008; Invernizzi et al., 2009 ). Moreover, several viruses are associated with Nosema infections that can significantly affect the apparent virulence of Nosema (Bailey and Ball, 1991) . Very little study has so far been dedicated to these potentially important interactions, which European research strategies aim to address. Due to the similarity in life histories of the two Nosema spp., it is likely that the interactions with other factors may be similar for N. apis and N. ceranae. The N. apis genome is currently being sequenced (J. Evans, unpubl. data; Chen and Huang, 2010) which will greatly facilitate its study.
Viral pathogens
At least 18 viruses have been identified that affect brood and/or adult honeybees (Bailey and Ball, 1991; Ribière et al., 2008) . Even healthy colonies are usually covertly infected by several viruses (Tentcheva et al., 2004) . V. destructor has been shown to be an important vector for several of these viruses. Likewise, a number of viruses seem to be closely linked to Nosema infections. Since the large number of viruses affecting bees renders it impossible to run full factorial experimental designs on all possible interactions, it is will be more meaningful to focus on the best established and most dramatic virus-parasite interactions. Once these interactions are understood, other viruses can perhaps also be assessed, though currently only from correlational evidence from large scale field data to understand their impact on colony health.
Deformed Wing Virus (DWV)
DWV is by far the most widespread honeybee virus (Ribière et al., 2008; de Miranda and Genersch, 2010) due to its close association with V. destructor (Bowen-Walker et al., 1999; Tentcheva et al., 2006; Gauthier et al., 2007) . DWV became almost ubiquitous throughout Europe with the spread of Varroa (Allen and Ball, 1996) . Of itself, DWV is one of the least virulent of bee viruses and its damage to individual bees and colonies is only due to its relationship with Varroa mites. It has been shown to be transmitted by, and to replicate inside V. destructor (Ongus et al., 2004; Yue and Genersch, 2005) . Furthermore, DWV symptoms in emerging bees appear to be related to virus replication in the infesting mites during the pupal phase (Yue and Genersch, 2005; Gisder et al., 2009) . The paradox of the DWV -Varroa -bee interaction is that it is precisely the low virulence of DWV that allows Varroa infested pupae to complete development despite the virus infection, thus liberating the reproducing mites and sustaining the Varroa -DWV epidemic that ultimately becomes lethal at colony level (Sumpter and Martin, 2004) . This contrast between individual and colonylevel virulence is also seen with other bee pathogens, emphasizing the need to study such interactions at both levels.
Black Queen Cell Virus (BQCV)
BQCV itself is not particularly damaging. However, it has a synergistic effect with Nosema infections, making the latter more harmful (Bailey et al., 1981 (Bailey et al., , 1983 . Recent surveys show it to be present in about 30% of colonies in France and central Europe (Tentcheva et al., 2004; Berényi et al., 2006; Gauthier et al., 2007) making it a significant virus. Although BQCV is named for its effect on queen pupae, it is primarily distributed in adult bees (Tentcheva et al., 2004) which is also the only stage known to be affected by Nosema (Fries, 1988 (Fries, , 1993 . BEE DOC will focus on this virus-endoparasite combination to test for interaction mechanisms occurring at the adult stages of the bee.
Israel Acute Paralysis Virus (IAPV)
IAPV is part of a larger species complex ) that also includes Kashmir Bee Virus (KBV) and Acute Bee Paralysis Virus (ABPV), two viruses that can be lethal at individual bee and colony levels (Todd et al., 2007; Ball and Allen, 1988) . IAPV has been considered an associative factor for Colony Collapse Disorder (CCD) in America (Cox-Foster et al., 2007; Johnson et al., 2009 ). In the past, European colony losses with symptoms similar to CCD have been associated with ABPV (Berényi et al., 2006) . Although the significance of IAPV for CCD is still unclear (Oldroyd, 2007; Stokstad, 2007; Anderson and East, 2008) , it is sensible to include this virus complex at the experimental level to clarify its importance for European honeybee populations, including the possible interchangeability of IAPV, KBV and ABPV as risk indicators for colony collapse in different geographic areas (de Miranda et al., 2010).
Bacterial pathogens
American foulbrood (AFB) is caused by the spore-forming bacterium Paenibacillus larvae and is the most significant bacterial disease in apiculture. Although this disease was identified >100 years ago, it still plagues beekeeping in the EU. On a global scale, antibiotic treatment for AFB is standard, although less common in Europe. Employing selection for resistant honeybee strains has had priority in breeding work for many years, as has the disruption of infection pathways as tools to develop contamination-free remedy schemes. Clearly, the prime goal is to make antibiotic treatments obsolete. Not only do as they inevitably lead to honey contamination and pathogen resistance (Spivak, 2001 ), but they will most likely also kill the beneficial honeybee probiotic microflora that is part of the natural honeybee defence against AFB Yoshiyama and Kimura, 2009 ). Although there is wide variation in virulence between P. larvae strains, the most virulent strains at the individual larval level are the least virulent strains at the colony level , since the larvae die and are removed by hygienic behaviour before spore production can be maximised. It is therefore essential to combine individual and colony level studies to determine the significance of virulence and transmission for the epidemiology of AFB. This information is essential for developing management and selection programmes for disease control (Dieckmann et al., 2000) .
Pesticides
Lethal and sublethal
The honeybee is unusually sensitive to a range of chemical insecticides (Stefanidou et al., 2003; Thompson, 2003; Barnett et al., 2007) , most likely due to a relative deficit of detoxification enzymes (Yu et al., 1984; Claudianos et al., 2006) . Foraging bees can encounter lethal pesticide levels when foraging but they can also bring back contaminated nectar and pollen to the hive. In addition to the pesticides the bees are exposed to during foraging, beekeepers also use various acaricides to control mite infections, particularly V. destructor (Sammataro et al., 2000) . Most of these are lipophilic and accumulate in the wax, increasingly contaminating the combs where the brood develops. More importantly, nothing is known about the interactions between agricultural pesticides foraged on by bees, the acaricides applied by the beekeeper, and pests and pathogens.
The EU directive 91/414 Section 2.5.3 regulates the use of pesticides in the context of apiculture. ". . . no authorization will be granted if the hazard quotients for oral or contact exposure of honeybees are greater than 50, unless it is clearly established through appropriate risk assessment that under field conditions there are no unacceptable effects on honeybee larvae, honeybee behaviour, or colony survival and development after the use of plant protections product according to he proposed conditions of use". Acute mortality can occur and its diagnosis is usually easily established by the presences of many dead bees in front of the hive. However, honeybees can also encounter sub-lethal effects of pesticides that are much more difficult to detect since they affect longevity or behaviour. Such sub-lethal effects can cause disruptions in social interactions that are essential for colony function (Weick and Thorn, 2002) . Since many pathogens have similar sub-lethal effects on longevity and behaviour (Ball and Bailey, 1991) , the cumulative impact of different sub-lethal effects may be significant at colony level, even when they are not immediately apparent when studied in isolation, and at individual bee level.
The huge suite of agro-chemicals currently used in agriculture makes it clearly impossible to run full factorial design experiments testing the effects and interactions of all of those compounds. If we focus on selected model compounds we will be able to extract the principle effects of the pesticide interactions with parasites and pathogens on colony health. For example the BEE DOC research network will focus only on two major compounds, one neonicotinoid agro-pesticide, thiacloprid, and one pyrethroid acaricide, τ-fluvalinate. Thiacloprid and τ-fluvalinate therefore represent the two most important and common pesticide groups (pyrethroids and neonicotinoids) with different modes of action on the target organisms.
Thiacloprid
Thiacloprid is a broad-spectrum neonicotinoid insecticide with a fairly low acute bee toxicity, and is used against a wide range of lepidopteran, coleopteran and orthopteran crop pests, including oil seed rape and fruit orchards which are crops intensively used by honey bees. Consequently, the active ingredient is commonly found in the hive and in pollen pellets of foragers (Chauzat et al., 2006; Chauzat and Faucon, 2007) .
τ-fluvalinate
τ−fluvalinate is a pyrethroid used to control a broad range of pests including moths, aphids, thrips and leafhoppers. It is also used widely to control the mites in beekeeping, and accumulates in the wax of the comb at high concentrations (Bogdanov et al., 1998; Wallner, 1999; Tremolada et al., 2004) . It is one of the most common pesticides found in honeybee colonies.
TOOLS AND CONCEPTS
TO IMPROVE COLONY HEALTH
Probiotic bacteria
Bifidobacterium and lactic acid bacteria (LAB) from the genus Lactobacillus are generally beneficial bacterial species. They are part of the natural gastrointestinal flora of healthy animals and are sold commercially as probiotics, live micro-organisms, that confer health benefits to their host. The honeybee also has a unique honey stomach probiotic flora involving Lactobacillus and Bifidobacterium bacteria (Olofsson and Vasquez, 2008; Yoshiyama and Kimura, 2009 ) that protects the bee from harmful micro-organisms in exchange for a nutrient rich niche. LAB produce such antibacterial compounds as organic acids, hydrogen peroxide, diacetyl, benzoate, and bacteriocins, all of which are beneficial for humans and animals (Coenye and Vandamme, 2003; Ouwehand et al., 2002) and presumably for honeybees as well. Most interestingly, LAB have recently been shown to strongly inhibit P. larvae, the bacterium causing American Foulbrood ).
Plant and honeybee derived compounds
Apiary hygiene alone is insufficient for disease control and prevention, and persistent and prophylactic chemical treatments inevitably lead to pathogen resistance (Lodesani, 1995; Milani, 1995 Milani, , 1999 Elzen, 1998; Thompson, 2002) . European research strategies will therefore include a focus on the development of novel treatments by using therapies designed by nature and by the honeybees themselves. Compounds from propolis collected by bees will be tested for their impact on disease control and prevention. Also honeybee-produced peptides will be produced by recombinant technology with the goal of applying them to the colony for disease treatment. The honeybee colony is armed against pathogens with a very effective exogenous defense system based on the multi-functionality of nutritive proteins and antimicrobial phytochemicals. These compounds are present in nectar, pollen and propolis and have proven to be effective acaricides and antimicrobial agents in many organisms, including humans (Bankova et al., 1995; Gil et al., 2000; Tomás-Barberán and Wollenweber, 1990; Tomás-Barberan et al., 1989; Popova et al., 2004 Popova et al., , 2007 Bankova, 2005) . Paradoxically, little information is available about the efficacy of these compounds against honeybee parasites and pathogens. In particular propolis is considered to be the most important chemical defense mechanism of honeybees against microorganisms, since it is based on metabolites used by plants against pests and diseases (e.g., Simone et al., 2009; Simone and Spivak, 2010) . Honeybees also have innate molecular defenses against pathogens, such as antimicrobial peptides and nucleic acids, whose activity can be stimulated by appropriate molecular therapies. Propolis constituents, recombinant honeybee peptides, and molecular therapies will be assayed at individual and colony level, singly and in combination, for efficacy against honeybee diseases.
To control diseases efficiently with novel, sustainable strategies, we must understand the infection processes at all relevant levels: from the apiary, via the colony and individual bee, down to the molecular immune mechanisms at the genome level. The interactions among pathogens driving virulence and transmission of diseases need to be comprehensively understood if we want to design more efficient treatments that are also effective at the population level (Evans and Spivak, 2010) . We will need to develop strategies that not only increase bee tolerance to specific diseases, but those that can reduce pathogen virulence by blocking critical infection pathways or harmful interactions among pathogens. This will enable the development of complementary strategies for disease control to prevent colony losses and secure the quality and safety of honey and other bee products.
Disease resistance genetics and genomics
In an ideal beekeepers' world, honeybees should not require any treatment against diseases at all, which would prevent the contamination of colonies with in-hive chemicals used in apicultural management. EU research therefore focuses on the identification of genes that regulate resistance towards Varroa and American Foulbrood. In the context of the BEE DOC network, the immune system of honeybees lies at the centre of interest because the responses of the bees towards virus infections need to be addressed. Although A. mellifera lacks about 30% of immune system genes that are known from different dipteran species (e.g. Drosophila melanogaster, Anopheles gambiae), the three basic immune pathways -the Toll-, IMD-and JAK/STAT-pathway have been identified in the honeybee genome . One argument for the deficit of immune genes was that colony level pathogen resistance mechanisms would be more important in social insects compared to solitary insects. However, individual resistance mechanisms are equally essential in a social context as in the solitary one. It is therefore likely that the gene cascades in these pathways are differently regulated compared to the other insect model systems, yielding similar results yet in a colony context. In this context, it may be highly rewarding to compare genes identified in the honeybee with homologues in the well studied fruit fly Drosophila. There are even reports of a specific memory in insect immune systems (Kurtz and Franz, 2003) , albeit with a lower adaptability compared to vertebrate immune systems. Hence, we expect to find very specific modifications of the already known immune gene cascades for evolutionary stable insect host parasite systems, and also highly species specific, yet unknown, mechanisms for controlling the pathogen resistance of bees. Since oligonucleotide microarrays with all annotated genes of the honeybee (∼13 400 genes) are available, the transcriptome can be screened to reveal differential genome responses to specific infections. Although such studies cannot identify the function of novel honeybee specific genes, they can reveal the function of gene cascades in response to various environmental conditions (Grozinger et al., 2003) including bee health stressors (Navajas et al., 2008) , which are essential to understand gene control of the phenotype.
Candidate genes known from sequence homology
Genes already known from model organisms can be identified by standard bioinformatics: those specific for honeybees still require mapping and gene expression studies. This is greatly facilitated with the complete genome sequence for the honeybee at hand. For example the gene "thelytoky" (th) was mapped down to 20 cM within a few months and was recently identified as a transcription factor homologous to gemini in Drosophila (Lattorff et al., 2007) . Two genes, th and csd (the sex locus), are currently the only two known honeybee specific genes. This may seem to be a low number of genes, but only in a few cases will a single gene determine a specific phenotype. Most phenotypes will be controlled by several genes, so called quantitative trait loci (QTL). If there are only few major QTLs for a trait these can be mapped by testing linkage with segregation of a large number of variable markers (e.g. microsatellite markers) which saturate the genome. Because the recombination rate of the honeybee genome is 19 cM/Mb, an order of magnitude higher than in Drosophila, honeybee mapping studies require a large number of marker loci to saturate the genome (Weinstock et al., 2006) . For gene identification, the high recombination rate is an advantage, because linked markers can be physically very close to a target gene. Once a genomic region with a QTL has been identified, the sequence allows for saturating this target region with a large number of novel microsatellite markers for fine mapping. Comparisons across microarray experiments show differential transcriptome responses towards infestations with Varroa (Navajas et al., 2008) . The novel oligonucleotide microarray comprising all annotated 13 440 genes of the honeybee has already been validated and found to be most informative (Kocher et al., 2008; Alaux et al., 2009) . With this tool the genomic responses towards pathogens and pesticides at the transcriptome level can be used to explore host-pathogen interactions at the molecular level.
Novel genes specific to honeybees
In addition, it will be important to identify novel genes that control host -pathogen interactions. Many pathogens are highly specific to the honeybee system and hence very special solutions for pathogen resistance may have evolved. A key element will be to use drones for mapping of quantitative trait loci (QTL) that are relevant for disease resistance (Moritz and Evans, 2007) . Candidate loci for all brood diseases including AFB susceptibility, Varroa resistance, DWV resistance and Nosema resistance will need to be identified. This will complete the set of resistance genes to the main honeybee diseases, which will greatly facilitate breeding programs.
Diagnostics
The different operational levels of BEE DOC (experimental, surveillance, applied) require different tools for identifying the various parasites, pathogens and chemicals. This internal requirement will allow BEE DOC to provide diagnostic tools to different groups of stakeholders in the bee industry, from the researcher to the beekeeper.
Experimental
Real time RT-qPCR is the standard technique for quantitative diagnosis of the bee pathogens. Microarrays (Navajas et al., 2008; Johnson et al., 2009) , metagenomic analyses (Cox-Foster et al., 2007) and next generation DNA sequencing are more comprehensive (and expensive) screening technologies, to be used only in limited experimental setting. DNA chip technology (Whitfield et al., 2006) allows a rapid yet cost efficient diagnosis of all known pathogens in experimental samples, as well as a number of honeybee genes of interest (Evans, 2007) . Pesticides and bio-chemicals will be quantified by a number of chromatographic techniques.
Surveillance
The real-time quantitative PCR-based diagnostic tools for pathogen detection, as well as the pesticide and biochemical analyses, will be adapted for routine use in large-scale surveys by extension labs.
Applied
Robust, immunochromatography-based stick assays, common in medical and veterinary disease diagnosis (Abhyankar et al., 2006; Pugia et al., 2004) , will need to be developed to facilitate accurate, sensitive and instant diagnosis of honeybee diseases in the field.
IMPLEMENTION OF SCIENTIFIC PROGRESS INTO APICULTURAL PRACTICE AND COORDINATION OF RESEARCH
The transfer from science into application is typically a major problem. In Europe this transfer is greatly facilitated through one of the largest programs in history, COST (European COoperation in Science and Technology). COLOSS (Prevention of Honeybee Colony Losses, http://www.coloss.org/) is a global network with currently over 150 partners in 39 countries (most of Europe, Australia, Canada, Israel, Jordan, PR China, South Korea, Republic of South Africa, USA). The aim of COLOS is to coordinate national and international efforts to explain and prevent large scale losses of honeybee colonies. For that purpose, international standards will be developed for both monitoring and research activities in form of a BEE BOOK (analogous to the RED BOOK of the Drosophila community). This effort will enable combined and large-scale international research efforts to identify the underlying factors and mechanisms (e.g. ring tests). Indeed, efforts by individual countries to reveal the drivers of colony losses have small chance of success due to the high number of interacting factors. Therefore, the development of emergency measures and sustainable management strategies will require an international network. The COLOSS network does not directly support science but aims at coordinating national research activities across Europe and the world. COLOSS comprises all three groups of stakeholders, scientists, beekeepers and industry with the aims of complementing and not duplicating research approaches, and of creating trans-national synergies. The tight networking among science and the industry is facilitated through conferences, and more importantly, through a large series of hands-on workshops for extension specialists and apiculturists. The European and global strategy for the prevention of colony losses is therefore clearly based on a broad transnational platform with a strong focus on the transfer of science into practice. Only if we succeed to bridge the gap between bee scientists and apiculture will we achieve sustainable progress in the prevention of colony losses at a continental scale. Apis mellifera / Pathologie / Diagnose / Krankheitsresistenz
